The perception of expansion/contraction in human subjects was examined with a visual search paradigm. When searching for a target defined by two-dimensional expansion among distractors defined by two-dimensional contraction, the time needed to find the target did not vary as the number of distractors was increased. However, for a target defined by two-dimensional contraction among distractors defined by two-dimensional expansion, the search time increased as a function of the number of distractors in the display. A similar search asymmetry remained between onedimensional expansion and one-dimensional contraction, even though one-dimensional expansion was searched in a serial manner. This asymmetry between expansion and contraction reflects a basic characteristic of higher-order motion information processing. © 1997 Elsevier Science Ltd.
INTRODUCTION
A formal analysis of optical flow shows that each point in the flow field can be decomposed into the invariant properties of translation, expansion/contraction, rotation, and shearing (e.g. Koenderink, 1986; Longuet-Higgins & Prazdny, 1985; Harris, 1994) . How these relative motions are processed is an important question in the study of the visual system (e.g. Cavanagh & Favreau, 1980; Duffy & W~rtz, 1991; Freeman & Harris, 1992; Hershensoaa, 1987; Nakayama et al., 1984; Regan & Beverley, 1978b; Sekuler, 1992; Tanaka & Saito, 1989; Werkhoven & Koenderink, 1991) . In this study, the perception of expansion/contraction in human subjects was examined with a visual search paradigm.
A typical visual search experiment measures how fast observers can find a visual target among a variable number of distracting items. The time required to find a target has been assumed to reflect how the target is represented in the visual system (Treisman & Gelade, 1980; Treisman & Gormican, 1988) . If the target is represented as a single feature or an element in a stage where information is processed preattentively and in parallel, then the time required to find the target will be independent of the nun~er of distractors. If the target is re~esented as a conjunction of single features, then the search time is influenced by the number of distractors.
Based upon the visual search paradigm, we can make two assumptions about how expansion/contraction is represented in the visual system. If expansion/contraction is represented as a single feature, then the time needed to detect expansion/contraction will not vary as the number *Informatio~ Science Laboratory, NTT Basic Research Laboratories, Atsugi-shi, Morinosato-Wakamiya 3-1,243-01 Kanagawa, Japan.
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of distractors in the display (set size) increases. However, if expansion/contraction is represented as a conjunction of local translations and their specific spatial positions, the time needed to detect expansion/contraction will increase as a function of set size. Braddick and Holliday (I991) examined these two hypotheses, and showed that the characteristics of the slope of the reaction time-set size function mirrored those of a serial search. They concluded that local expansion/contraction is not represented as a single feature, but as a conjunction of local translations in the visual system. Regan and his colleagues, however, have demonstrated through the use of various psychophysical methods that expansion/contraction is represented as a specialized feature, and not as a conjunction of translations , 1983 Regan, 1986 Regan, , 1993 Regan & Beverley, 1978a,b; Regan et al., 1979) . Regan and Beverley (1978b) found that the adaptation to expansion selectively depresses visual sensitivity to expansion. In another study, Beverley and Regan (1979) observed that the decay time constants of the motion aftereffect induced by expansion/contraction (MAE in depth), and that induced by translation (linear MAE) are different. From these results, they suggested that a looming or changing size detector, which selectively responds to expansion (or contraction), be implemented in the human visual system.
Regan and Beverley's hypothesis seems to be inconsistent with the findings of Braddick and Holliday (1991) in that no "pop-out" phenomena occurred during expansion/contraction (Regan, 1993; Braddick, 1993) . Although the discrepancy between Regan and Beverley (1978b) and Braddick and Holliday (1991) could be attributed to differences in the respective tasks they used, it is possible that some factor deteriorated the search performance in Braddick and Holtiday's results. One plausible factor is a special characteristic of the stimulus they used. Because the movement of expansion or contraction was generated by the cyclical presentation of the outline of a square in the display, the outline made sudden jumps in the opposite direction when it reached the last part of the cycle, thereby bringing about a contraction in an expansion and vice versa. Braddick and Holliday (1991) maintained that this should not affect the search performance because the targets defined by the direction of translation showed clear pop-out in spite of the cyclical presentation which produced jumps in the opposite direction to the smooth translation (p. 351). This reasoning is based on the assumption that the sensitivity to expansion/contraction and translation are the same when some noise component is added to each stimulus. De Bruyn and Orban (1990) , however, found that many more signal dots were needed to detect expansion or contraction than to detect translation in a noisy field. On the contrary, Freeman and Harris (1992) found that the minimum motion threshold of expansion was lower than that of translation. Though these two results are inconsistent and further studies are needed to solve the matter, we can assume that the visual system might have different signal-to-noise ratios (SNRs) for translation and expansion/contraction. Considering the difference in SNRs, it is possible that the addition of irrelevant direction components generated by the sudden jumps affected Braddick and Holliday's results.
In this study, the visual search performance of human subjects to expansion/contraction was examined. The noise generated by sudden jumps was eliminated by using a periodic stimulus. To examine the perception of expansion/contraction, a two-dimensional stimulus, in which both the vertical and horizontal components expand or contract, has frequently been used. Beverley and Regan (1979) , however, showed that a square-shaped one-dimensional adapting stimulus whose two vertical edges only expand or contract while its horizontal edges remain stationary elicits MAE in depth. Therefore, both two-dimensional and one-dimensional expansion/contraction were used in this study.
METHODS

Subject
Four subjects aged between 21 and 39 yr participated in the experiment. They had normal or corrected-tonormal vision. They were well-practiced in psychophysical experiments involving visual search tasks and were not informed of the exact purpose of the experiment.
Apparatus
The stimuli were displayed on a 21" color display (Sony GDM-2036S) controlled by a computer (Apple Macintosh Ilci). The frame rate of the CRT was 66.7 Hz with a gray-level resolution of 8 bits. The monitor was calibrated with a Minolta Color TV Analyzer, and its output was gamma-corrected under software control.
Moving patterns were generated using look-up table animation (Baro & Hughes, 1991) . Figure 1 shows a snapshot of one frame of the twodimensional expansion/contraction display. Each stimulus was a square filled with periodic gratings within which luminance varied as a sine function. The spatial frequency of the moving stimulus was 0.48 c/deg. The direction of the motion of the stimulus is shown by the arrows in the upper-right portion of Fig. 3 . The orientation of the gratings was orthogonal to the direction of motion. Figure 2 shows a snapshot of one frame of the one-dimensional expansion/contraction display. In this case, each stimulus was divided into two regions, and two vertical sinusoidal gratings moved in the opposite directions in each region (see also Fig. 4 ).
Stimuli
The Michelson contrast was 80% and the average luminance was 10.5 cd/m 2. The background luminance of the display was also set to 10.5 cd/m 2. Only the green gun of the CRT was used. The size of each stimulus was held constant during each moving sequence to avoid generating noise from sudden jumps. The starting phase was randomly selected for each stimulus (see Figs 1 and 2) so that the motion information was the only source for discriminating the expansion and contraction. Each stimulus was drawn on an imaginary matrix of 5 x 5 cells in the display. The size of each cell was set to 6.0 deg (horizontal) x 4.0 deg (vertical). Therefore, the whole display size subtended 30.0deg (horizontal) x 20.0 deg (vertical) . In order to avoid the effects of spatial alignment, the position of each stimulus was jittered from the center of its cell. The size of the jitter was randomly chosen from 0.0 deg to 1.0 deg, in a random direction distributed about 360 deg. The inner periodic gratings moved at a constant speed of 11.1 deg/ sec. Viewing was monocular from a distance of 57 cm. The viewing distance and the position of the subjects was maintained by a chin rest and a head rest. Ramachandran and Anstis (1990) reported that the size of an annulus whose inner component expands looks subjectively larger than one whose inner component contracts even though both annuli are physically the same size. To avoid this effect, the size of each stimulus was randomly varied in each trial from 1.0x 1.0 deg to 3.0 deg x 3.0 deg (see Figs 1 and 2) . The average size of all stimuli in one trial was set to 2.0 x 2.0 deg.
Procedure
Each block of the experiment consisted of 100 trials: 10 trials for each of 10 conditions (1, 6, 12, 18, or 24 total items with the target item either present or absent) presented in random order. Half of the trials in a block contained targets and the other half did not. In targetpresent trials, only one target stimulus expanded (or contracted) while all other distractors contracted (or expanded). In target-absent trials, all of the stimuli contracted or expanded uniformly. The experimental blocks were preceded by four practice blocks of 100 trials for each target type (two-dimensional and one-dimensional expansion/contraction). Then, each subject completed three experimental blocks for each target type. The blocks for each target type were presented in random order for each subject. The task was to indicate whether the target was present or absent in the display by pushing one of two keys on a keyboard. When the subject made a correct response, the reaction time was recorded. When the subject made a mistake, feedback (a buzzing sound) was given and recorded as an error. Reaction times for incorrect responses were discarded. In addition, reaction times < 150 msec or >5 sec were discarded, and any trials exceeding those time limits were repeated after the remaining trials of that block were done. Only 1.0% of the total number of trials were repeated. Each trial began with the presentation of a small black fixation cross in the center of the display. After 500msec, the cross disappeared, and the stimulus appeared 100 msec later. The stimulus then remained visible until the subject responded. The inter-trial interval was 5 sec. To motivate the subject, the mean reaction time and error rate of each 20 trials were presented at the inter-trial interval. Each subject was instructed before the experiment to try to maintain an error rate within 5%. They were also instructed that a block in which the error rate exceeded 10% would be repeated. No blocks were repeated throughout the experiment.
Results
The mean correct reaction times for two-dimensional stimuli are shown in Fig. 3 . Each data point here was calculated from 120 trials, combined across all subjects. Figure 3 also shows the mean regression slopes for reaction times against set size obtained by the least square method. The slopes were determined from the combined data of all subjects. There were two main findings in this experiment. First, the time required to find each expansion was almost independent of the number of distractors (4.3 msec/item in target-present trials). Also, the slope ratio for target-absent trials (5.1 msec/item) and target-present trials was 5.1/4.3 = 1.2, which departed from the typical ratio (2.0) of a self-terminating serial search (Treisman & Gelade, 1980) . Thus, the search of the target defined by two-dimensional expansion was done in a parallel way. Second, search asymmetry of reaction times between expansion and contraction was found. The reaction times varied more or less linearly with the number of distractors displayed when the targets were defined by two-dimensional contraction. Also, the search rate for target-absent trails was almost twice that for target-present trials (32.4 msec/item in target-present trials; 58.0msec/item in target-absent trials). This suggests that the target defined by two-dimensional contraction was searched serially. Figure 4 shows the results of the experiment using onedimensional expansion/contraction. The overall search rate increased largely compared to that for the twodimensional expansion/contraction (Fig. 3) , and it can be said that both one-dimensional expansion and contraction were searched serially. The results also clearly show search asymmetry between one-dimensional expansion and one-dimensional contraction. The search rate for one-dimensional expansion (23.2 msec/item) was nearly three times faster than that for one-dimensional contraction (67.7 msec/item).
DISCUSSION
The results can be summarized as follows. First, under the appropriate conditions, expansion is searched paral- lel. Second, a search asymmetry was observed between expansion and contraction. Third, two-dimensional expansion/contraction is found faster than one-dimensional expansion/contraction. These three points were not reported by Braddick and Holliday (1991) . They used only the two-dimensional stimulus, and concluded that expansion/contraction is searched serially. It should be noted that Braddick and Holliday did not show their data for expansion and contraction separately. If our results for both types of targets in Fig. 3 or Fig. 4 are averaged, then a qualitatively similar result to that of Braddick and Holliday's is obtained. A search asymmetry may appear if their data expansion and contraction data are replotted in separate figures. The overall reaction times for twodimensional stimuli, however, were faster in this study than in Braddick and Holliday's. The absence of the noise component in our display seems to have decreased the reaction times, especially for two-dimensional expansion.
Except under the condition where the target was twodimensional expansion, the subjects searched the targets (two-dimensional contraction, one-dimensional expansion/contraction) in a serial manner. However, this does not lead to the conclusion that expansion/contraction is represented as a conjunction of local translation elements, and not as a single feature. The search asymmetry found in our study is not predicted if expansion/ contraction is represented as a conjunction of local translations because the local elements that constitute expansion/contraction are the same except for their spatial positions. Rather, it is more plausible to postulate the existence of a specialized motion unit that detects expansion/contraction, and to regard the search asymmetry observed as an emerging property of this hypothesized detector.
It has been shown that many visual stimuli elicit search asymmetries (e.g. Cohen, 1993; Ivry & Cohen, 1992; Kleffner & Ramachandran, 1992; Treisman & Gormican, 1988; Treisman & Souther, 1985; von Grtinau & DubS, 1994) . Treisman and Gormican (1988) suggested that search asymmetries arise because the presence of a "feature" is easier to discern than its absence. A tilted line pops-out from a background of vertical lines because the tilted line has the special feature of "tilt". In this case, vertical is the standard, and tilt is the deviation from the standard. A purple object pops-out from a background of red objects because the purple object contains the feature "blue" in it. However, in the case of expansion/ contraction, there is no a priori reason to assume that expansion is a deviation and contraction is a standard. Rather, as suggested by von Griinau and Dub6 (1994) , it is more plausible to assume an ecological explanation for the search asymmetry between expansion and contraction. Assuming a motion detecting unit that responds to objects moving toward a subject with higher sensitivity than to objects moving away from a subject might be a valid explanation for the present results. Morrone et al. (1995) have proposed a two-stage model in which local motions are processed first, and expansion/contraction is processed in a secondary stage. They showed that different directions of local motion signals are integrated in a way that can be predicted with an ideal integrator model. Sekuler (1992) showed that the speed discrimination threshold of expansion was predicted from the simple linear combination of local translations, and referred to the hypothesis that the outputs of local sensors are combined in a higher-order looming detector. Braddick (1993) suggested in the course of a discussion with Regan (1993) that the inconsistency between Braddick and Holliday's result and Regan's conclusion could be reconciled if a specialized motion detecting unit for expansion/contraction were implemented at a higher stage of visual motion processing than where simple translation is represented.
We can make two suggestions about the characteristics of these hypothesized motion detectors from our experimental results. First, these hypothetical detectors show an asymmetric response between expansion and contraction. In addition, the overall search rate for two-dimensional expansion/contraction was faster than that for onedimensional expansion/contraction in our experiment. This suggests that the hypothesized detector for expansion and contraction has a receptive field that integrates local motion signals not only from a pair of 180 deg separated directions, but also from all directions that expand from or contract to a single point. The results of Sekuler (1992) and Morrone et al. (1995) , in which the observers' performance improves with additional directions, further support this conjecture.
In the above discussion, the search asymmetry is considered as a basic characteristic of the hypothesized expansion/contraction detectors. The anisotropic responses between expansion (centrifugal motion) and contraction (centripetal motion) have been reported in studies using other psychophysical methods. The strength of MAE (Harris et al., 1981; Reinhardt-Rutland, 1994; Scott et al., 1966 , Wohlgemuth, 1911 , the simple reaction time to motion onset (Ball & Sekuler, 1980; Mateeff & Hohnsbein, 1988; Mateeff et al., 1991) , the perceived direction of ambiguous motion (Georgeson & Harris, 1978) , the perception of three-dimensional motion (Perrone, 1986) , and the threshold of globaldot-motion (Edwards & Badcock, 1993) have been examined, and both centrifugal and centripetal biases have been observed. For example, Ball & Sekuler (1980) found that response latencies were shorter for motion away from the fovea than for motion towards it. Mateeff et al. (1991) , however, found both centrifugal and centripetal biases, depending on the type of stimulus used. Edwards and Badcock (1993) found that sensitivity to centripetal motion was greater than to centrifugal motion when the threshold of global-motion was measured.
Apparently, some results are consistent (for example, Ball and Sekuler) , and some are inconsistent (for example, Edwards and Badcock) with our results showing that expansion is detected faster than contraction. However, in the display we used, most of the individual moving targets were located in the periphery (Figs 1 and 2) . The expanding stimulus contains only centrifugal motion when it is displayed at the fovea. If it is displayed in the periphery, the motion nearest to the subjects spatially is centripetal when the subjects gaze at the center of the display. In that sense, the asymmetry observed in this study cannot be attributed to previously observed centrifugal or centripetal biases. Our results suggest the existence of position-invariant biases to expansion in which expansion is detected faster than contraction irrespective of the position where it is displayed.
Recent studies have shown strong effects of learning in which some visual searches can progress from serial to parallel through practice (Heathcote & Mewhort, 1993; Sireteanu & Rettenbach, 1995) . Sireteanu and Rettenbach (1995) found that learning in visual search is not specific to the task involved and claimed that learning takes place at a higher level in the visual pathway. Therefore, we calculated the search rate on the practice blocks to examine whether learning makes the search rate of expansion faster. The average search rate of four subjects for two-dimensional expansion on the first practice block was 4.9 msec/item in target-present trials and 6.0 msec/item in target-absent trials. These results are comparable to those obtained in the experimental sessions shown in Fig. 3 . Subjects, however, were welltrained for visual search tasks before they participated in this experiment. Therefore, there remains the possibility that they already completed nonspecific learning and this was transferred to the current task, as suggested by Sireteanu and Rettenbach (1995) . Further study is needed to clarify the mechanisms of perceptual learning and its transfer. We can, however, conclude that expansion is searched in parallel without specific learning.
Physiological studies have also shown an asymmetry between expansion and contraction. Tanaka and Saito (1989) reported that the number of cells that selectively respond to expansion is seven times greater than those that respond to contraction in the dorsal part of the MST of macaque monkeys. Albright (1989) also reported the centrifugal directional biases in the neurons of MT with peripherally located receptive fields. Graziano et al. (1994) found neurons of MSTd show strong biases towards expansion. Although most of these reported MSTd cells have extremely large receptive fields, Duffy and Wurtz (1991) used small-field stimuli (down to 6 deg). They found that some groups of MSTd neurons maintain their activity and selectivity even when stimuli are displaced at different locations in their large receptive fields. Our results predict that the neurons that respond to small-field stimuli also show an anisotropic response to expansion/contraction, like the neurons that respond well to large-field stimuli.
